There are two types of chromosome instability, structural and numerical, and these are important in cancer. Many structural abnormalities are likely to involve double-strand DNA (dsDNA) breaks. Nonhomologous DNA end joining (NHEJ) and homologous recombination are the major pathways for repairing dsDNA breaks. NHEJ is the primary pathway for repairing dsDNA breaks throughout the G0, G1 and early S phases of the cell cycle [1]. Ku86 and DNA ligase IV are two major proteins in the NHEJ pathway. We examined primary dermal fibroblasts from mice (wild type, Ku86 +/-, Ku86 -/-, and DNA ligase IV +/-) for chromosome breaks. Fibroblasts from Ku86 +/-or DNA ligase IV +/-mice have elevated frequencies of chromosome breaks compared with those from wild-type mice. Fibroblasts from Ku86 -/-mice have even higher levels of chromosome breaks. Primary pre-B cells from the same animals did not show significant accumulation of chromosome breaks. Rather the pre-B cells showed increased cell death. These studies demonstrate that chromosome breaks arise frequently and that NHEJ is required to repair this constant spontaneous damage.
To determine whether a defective NHEJ pathway would affect chromosome stability, we isolated primary dermal fibroblasts from 4 month old wild-type, Ku86 +/-, Ku86 -/-and DNA ligase IV +/-(Lig4 +/-) mice [2, 3] , and examined metaphase spreads from these cells after nine days in culture. Fibroblasts from wild-type mice had chromosome breaks in 9 ± 2% of the cells (Figure 1 ), which is slightly higher than the level observed in a previous study in which murine fibroblasts from young mice had breaks in approximately 5% of their cells [4] . Strikingly, in the NHEJ mutant cells (Ku86 -/-), the percentage of fibroblasts with breaks increased to 56 ± 12%. Hence, the absence of Ku86 protein results in a marked increase in the number of spontaneous chromosome breaks in fibroblasts. The percentage
Figure 1
Chromosome breaks are increased in primary fibroblasts that are deficient for Ku86 but in pre-B cells the increase is not as marked. Dermal fibroblasts were grown from tail biopsies from 4-month-old wild-type, Ku86 +/-, and Ku86 -/-mice. After 1-2 passages (corresponding to 10-12 days in culture and roughly 12-15 cell divisions), the cells were treated with colcemid, fixed, and metaphase spreads were prepared. Pre-B cells were grown from 4-month-old wild-type, Ku86 +/-, or Ku86 -/-mice as described in the methods (see Supplementary material), and analyzed at 10-14 days by treatment with colcemid, fixation, and preparation of metaphase spreads. The chromosomes were Wright stained. Cells with at least one chromosome aberration were scored as positive. The ordinate indicates the percentage of cells with at least one chromosome break. Error bars represent the standard deviation. of heterozygous cells with breaks was intermediate (20 ± 5%) between wild-type and null cells, suggesting that the level of Ku86 in heterozygous cells is only partially effective in repairing spontaneous chromosome breaks. We also observed an increase in chromosome instability in Lig4 +/-fibroblasts (Figure 2) , suggesting that the chromosome instability observed in the Ku86-deficient cells was not caused by a NHEJ-independent role specific for Ku86. Corresponding data from adult Lig4 -/-cells cannot be obtained because these animals are inviable [3] .
The structure of the chromosome breaks in wild-type, Ku86 +/-and Ku86 -/-fibroblasts was similar, even though the quantitative differences were substantial. Nearly 90% of the chromosome structural abnormalities are chromosome or chromatid breaks and gaps ( Table 1 ). The remainder of the events probably arise from dsDNA breaks as well.
Proliferation of the heterozygous Ku86 +/-and Lig4 +/-fibroblasts are normal
We were interested in determining how the observed chromosomal instability might affect the growth rate of fibroblasts. Previous studies in mouse embryonic fibroblasts have demonstrated impaired growth for Ku70-, Ku86-, and Lig4-deficient cells compared with wild-type cells [3, 5, 6] . Our data are in agreement with these previous studies. The proliferation of fibroblasts from Ku86 or Lig4 heterozygotes was comparable with wild type, whereas the growth of Ku86 -/-fibroblasts was markedly slowed (see Supplementary material). Given that the heterozygous cells with normal growth rates demonstrate an increase in chromosome breaks, it is not likely that the Ku86 -/-cells simply accumulate breaks because their growth is slowed.
Frequencies of cell death are not elevated in fibroblasts even among those with slowed growth
We wondered whether the marked chromosomal breakage in NHEJ-deficient fibroblasts would cause them to die. We examined fibroblasts for trypan blue exclusion. The frequency of dead fibroblasts was not increased in the Ku86 +/-cells, and was not markedly increased even in the Ku86 -/-fibroblasts ( Figure 3 ). The chromosome breaks resulting from Ku86 deficiency therefore do not cause increased cell death in the fibroblasts.
Ku86 -/-pre-B cells do not manifest the chromosome breaks observed in Ku86 -/-fibroblasts
It was of interest to compare the fibroblasts with precursor lymphocytes from the same animals because lymphocytes must contend with physiological dsDNA breaks, generated during V(D)J recombination, in addition to pathological breaks. We cultured and analyzed the metaphase chromosomes of continuously growing interleukin 7 (IL-7)/stromal cell-dependent fetal liver primary pre-B cells from wildtype, Ku86 +/-, and Ku86 -/-mice. As with the corresponding fibroblasts, the lymphocytes with a homozygous deletion of Ku86 grew slowly, although the heterozygous cells were only marginally reduced in growth rate (see Supplementary material). Strikingly, we found that the primary pre-B cells had markedly fewer numbers of chromosome breaks than primary fibroblasts from the same mice for each corresponding genotype (Figure 1 ).
Ku86 +/-and Ku86 -/-pre-B cells show markedly elevated cell death relative to wild type
We wondered whether the lack of chromosome breaks in pre-B cells was due to a more rapid triggering to cell death, as has been described for other insults to lymphocytes [7] . Could it be that the chromosome breaks occur, but that the cells in which they occur are rapidly cleared from the culture by cell death? To address this, we determined the frequency of dead cells in optimally growing pre-B cell cultures by fluorescence-activated cell sorter (FACS) analysis (Figure 3 ). This showed that the frequency of dead cells in Ku86 -/-pre-B cell cultures was indeed dramatically increased in Ku86 -/-cells. We conclude that the frequency of cell death in pre-B cells is markedly increased in the absence of Ku86.
Interestingly, even pre-B cells from Ku86 +/-mice showed a significant elevation in the frequency of dead cells by FACS analysis (Figure 3) . The lack of a marked effect on chromosome stability in Ku86-deficient pre-B cells was accompanied by a corresponding increase in cell death as one compares pre-B cells from wild-type, heterozygous, and homozygous mutant Ku86 mice. No significant increase, however, was observed for fibroblasts ( Figure 3) .
Chromosomal instability and cell-cycle checkpoints
The primary fibroblasts and pre-B cells used in this study were from mice that have intact cell-cycle checkpoints. Hence, it is intriguing that these cells acquire breaks. Relevant to this point, we have crossed Ku86 -/-mice with p53 mutant mice to generate mice with both Ku86 and p53 defects. The primary fibroblasts from those mice showed the following chromosomal breakage frequencies at day 9 in culture: 21% of Ku86 +/+ p53 -/-fibroblasts had at least one break; 46% of Ku86 +/-p53 -/-fibroblasts had at least one break; and 78% of Ku86 -/-p53 -/-fibroblasts had at least one break. Though the breakage frequencies are worse in the cells from p53 -/-mice (regardless of whether they are Ku86 +/+ , Ku86 +/-, or Ku86 -/-), these data are striking for the fact that the fraction of cells with breaks is only about 1.4-2-fold higher relative to the corresponding frequencies in Table 1 for Ku86 +/+ , Ku86 +/-, and Ku86 -/-cells. We conclude that chromosome breaks occur, with or without intact checkpoints, at a high frequency when NHEJ is defective.
Biological significance of chromosome instability in the absence of NHEJ
Our results permit several new conclusions. First, primary fibroblasts from Ku86 -/-mice have metaphase chromosome breaks in over 55% of the cells, even in the absence of overt ionizing irradiation or oxidative challenge ( Figure 1 ). This indicates that chromosome breaks arise spontaneously and cells require NHEJ to repair them.
Second, the Ku86 +/-heterozygous fibroblasts have a chromosome break frequency that is intermediate between the wild-type and Ku86 -/-cells. The Lig4 +/-cells also have a markedly increased frequency of chromosome breaks relative to that of wild-type cells. This suggests that heterozygous levels of Ku86 and DNA ligase IV in murine fibroblasts are not sufficient to repair many of the spontaneously occurring chromosomal breaks.
Third, pre-B cells show chromosome breaks at frequencies that are 10-20-fold lower than fibroblasts, regardless of their Ku86 genotype. This is most readily explained by the fact that pre-B cells are triggered to die more easily than other cell types [7] . Our analysis of the growth and death
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Figure 3
Cell death in pre-B lymphocytes deficient for Ku86 is elevated but not for fibroblasts from the same mice. For pre-B cells, the percentage of cell death in cultures was determined by FACS analysis using propidium iodide stained cells (see Supplementary material) and calculating the ratio of FL2 positive/negative events. Fibroblasts were counted in triplicate by trypan blue exclusion at day 9.5, and cell death reported as the percentage of dead cells ± standard deviation. rates are consistent with such an interpretation. Hence, pre-B cells that suffer chromosome breaks might be continuously removed from the pool of proliferating cells relatively quickly, thereby depleting the viable numbers of cells with chromosome breaks that could be visualized.
Chinese hamster ovary (CHO) cell lines that have a genetic mutation in one allele of Ku86 and an unstable CpG methylation suppression of the remaining wild-type allele do not show genetic instability [8, 9] . Our study utilizes primary murine cells, not transformed CHO cell lines, which might also contribute to the difference in chromosome stability between our study and earlier ones. Cell lines have often accumulated extensive CpG methylation of their genomes [10] , and the resulting chromatin structural change might suppress the accumulation of chromosome breaks. Perhaps more importantly, rapidly dividing transformed cells spend a greater fraction of the cell cycle in late S and G2 phase, in which homologous recombination primarily repairs dsDNA breaks [1] .
Our study underscores the potential role of the NHEJ pathway for maintaining chromosome stability in primary fibroblasts. Haploid levels of Ku86 and DNA ligase IV in primary fibroblasts result in increased chromosomal instability. Unlike fibroblasts, lymphoid cells do not manifest chromosomal instability, but rather the lymphoid cells have a very high rate of cell death. We speculate that the increased chromosome instability in primary cells with compromised NHEJ might contribute to the senescence associated with Ku86 mice that was recently documented [11] , and might be a potential cause of neuronal loss in Lig4 -/-animals [12] .
Supplementary material
Supplementary material including additional materials and methods and figures showing growth curves for wild-type, Ku86 +/-, Ku86 -/-, and Lig4 +/-cells is available at http://current-biology.com/supmat/supmatin.htm.
Figure S1
The growth of primary fibroblasts heterozygous for DNA ligase IV is normal with respect to wild-type (WT) fibroblasts. Dermal fibroblasts were harvested from fresh tail biopsies, grown for 7 days, trypsinized, and seeded into T-25 flasks. The number of cells indicated is the average of triplicate cultures. Error bars represent the standard deviation. The number of days designated is the number of days after the initial tail biopsy. The growth of primary fibroblasts from Ku86-null mice, but not heterozygotes, is decreased with respect to wild-type (WT) fibroblasts. Dermal fibroblasts were harvested from fresh tail biopsies, grown for 7 days, trypsinized, and seeded into T-25 flasks. The number of cells indicated is the average of triplicate cultures. Error bars represent the standard deviation. The number of days designated is the number of days after the initial tail biopsy. 
Figure S3
The growth of pre-B cells from Ku86 null mice, but not heterozygotes, is decreased with respect to wild-type (WT) fibroblasts. Pre-B cells growing in log-phase were diluted to 2 × 10 4 cells/ml and plated on a semi-confluent layer of gamma-irradiated ST-2 feeder cells in IL-7-containing growth medium. Cells were harvested from triplicate cultures every other day and counted. The growth is shown as the mean concentration of cells (cell number per ml). The standard deviations were less than 10% of the average cell number from triplicate cultures; this means that the error bars are smaller than the symbol for each of the points and hence the error bars shown are larger than the actual errors. Cell number
